We present an idea to generate an arbitrary space-variant vector beam with structured polarization and phase distributions. The vector beams are synthesized from the left-and right-hand polarized light, each carrying different phase distributions. Both the phase and the state of polarization of vector beams can be tailored independently and dynamically by a spatial light modulator.
As an important nature of light, polarization demonstrates unique features and various applications. Manipulation of polarization has seen rapidly growing interest in recent years owing to the fact that vector beams with spatially variant states of polarization (SOPs) have proved to hold potential for applications in a variety of realms [1] [2] [3] [4] [5] [6] . Motivated by these applications, various methods for generating vector beams have been proposed [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . On the other hand, it is well known that the phase plays a key role in the spatiotemporal evolution of an optical field. The simultaneous manipulation of both polarization and phase of optical field is of particular interest, as it can provide better insights into vector beams; nevertheless, tailoring the phase of vector beams still remains a challenge due to the lack of a reliable way to modulate the phase of a vector beam while leaving its SOP intact. A spatial light modulator (SLM) may impart onto the light beam a spatial phase, which, however, is normally polarization-dependent and thus is not applicable to the phase modulation of vector beams with spatially variant SOPs. In this Letter, we propose an approach to generating vector beams with the desired polarization and phase structures. Our scheme enables light beams to be space-variantly modulated in both phase and polarization and is helpful in expanding the functionality of vector beams as well as exploring their new applications.
The experimental arrangement is shown in Fig. 1 . A collimated linearly polarized laser beam illuminates a computer-controlled SLM, then coming into a 4f system composed of a pair of identical lenses with the focal length of f . A two-dimensional (2D) holographic grating (HG) is displayed on the SLM, which diffracts the incoming light into various diffraction orders. The HG can be conceived as a superposition of two one-dimensional gratings oriented along x and y directions, respectively, each carrying its respective phase distribution [17] . At the Fourier plane of the 4f system, only two of the firstorders located respectively in the x and y axes are allowed to pass through a spatial filter (with two separate open apertures) and then converted by two λ=4 plates into the left-and right-hand circularly polarized beams, respectively. The selected orders are recombined by the second lens in its rear focal plane, in which a Ronchi phase grating is placed by 45°with respect to the x direction. The period of the HG is adjusted so that its spatial frequency matches that of the Ronchi grating. The gridlike amplitude transmission function of SLM with a HG written on is tðx; yÞ ¼ 0:5 þ γðcosð2πf 0 x þ δ 1 ðx; yÞÞþ cosð2πf 0 y þ δ 2 ðx; yÞÞÞ=4, where δ 1 and δ 2 are the additional phase distributions imposed on the vertical and horizontal HGs, respectively, and f 0 and γ are the spatial frequency and modulation depth of HGs, respectively. For a linearly polarized light incident on the SLM, its first-order diffraction will produce four light beams, which are the AE1st orders with expðAEδ 1 Þ in the x axis and the AE1st orders with expðAEδ 2 Þ in the y axis.
The two first orders corresponding to expðδ 1 Þ and expðδ 2 Þ are selected to pass through the λ=4 plates in the Fourier plane of the 4f system, converted into leftand right-hand circularly polarized light, respectively. After being collinearly recombined behind the Ronchi grating, the optical fieldẼ ¼ ½E x ; E y T (with the superscript T denoting the transpose) of the output beam can be expressed by the superposition of left-and right-hand circular polarization components. That is,
. In Eq. (1) and hereinafter for the sake of simplicity, we omit a factor that is related to the amplitude profile of the beam. Equation (1) tells us that the field of the synthesized beam could be described by the combination of a pair of orthogonal base vectors, left-and right-hand circularly polarized components, each having a specified phase. It is easily observed from Eq. (1) that if one prescribes the phase distributions δ 1 ðx; yÞ and δ 2 ðx; yÞ, an arbitrary spatially variant polarization beam with a special phase distribution can be obtained. Equation (1) is the basic result of this Letter, which suggests that two free parameters δ 1 and δ 2 (or α and β) could be used for enabling the independent modulation of both polarization and phase of vector beams. In this way, two first diffraction orders in two orthogonal directions of 2D HG offer dual channels of controlling vector beams. This is a substantial difference between this work and the previous report, wherein only one parameter was used [7] . Now we present examples demonstrating our capability for manipulation of polarization and phase structure simultaneously. Let us first give some experimental parameters of interest: 7 mm diameter output beam with the wavelength of 532 nm, 400 mm focal length in the 4f system, and the overall efficiency of the system of about 1.2% due to the loss of energy in the spatial filter, SLM, and Ronchi grating. The light efficiency may be improved by using more efficient modulation manner of SLM and replacing Ronchi grating with optical deflection elements to accomplish the beam recombination (see, for example, [15] ). We begin with the case of cylindrical vector beam, which is the most studied [1] . The first example is a vector vortex beam with a helical phase, which is represented by α ¼ mφ and β ¼ nφ, (where φ is the azimuth angle in the polar coordinate system, and m and n are the topological charges of polarization and helical phase, respectively). The optical field of the resulting beam isẼ 0 ¼ e iðmþnÞφ ð1; −iÞ T þ e iðn−mÞφ ð1; iÞ T ¼ e inφ ðcosðmφÞ; sinðmφÞÞ T . This optical field consists of two components corresponding to left-and right-hand circular polarizations carrying different helical phases. This type of vector beam has both the spin and orbital angular momentum and can provide a case for studying the spin-orbital interaction of light [18] . Here we will not go into detail about the property of this light beam, but merely demonstrate its creation. Choosing that δ 1 ¼ φ and δ 2 ¼ −3φ, we get a vortex beam whose optical field can be written asẼ 0 ¼ e iφ ð1; −iÞ T þ e −i3φ ð1; iÞ T ¼ e −iφ ½cosð2φÞ; sinð2φÞ T . This example is shown in Fig. 2 . The resulting intensity distribution of the beams is recorded by a charge-coupled device (CCD) camera, shown in Fig. 2(a) . A dark spot exists in the center of the beam due to the singularity of optical field. Figures 2(b) and 2(c) give the intensity pattern of the beam passing through a linear polarizer with its transmission axis in the horizontal and vertical directions, respectively. The space-variant polarization of this beam is illustrated in Fig. 2(d) .
In order to get insights into the phase structure of the vector beams, we invoke a reference beam to interfere with the vector beams so as to create an interference pattern on the CCD camera. The reference beam comes from the residual zero-order diffraction (when allowing the zero-order light to pass through the spatial filter in Fig. 1 ), bearing a plane phase profile in the output plane. The reference beam is preconverted by a λ=4 plate into the left-or right-hand circular polarization prior to the interference so that it interferes coherently with the corresponding component of the vector beam [see Eq. (1)]. Accordingly, the interference fringe responsible for the phase carried by the right or left circular components will appear in the interference pattern. In doing so, we do not directly observe the phase of the vector beam itself but rather indirectly confirm its existence through the intensity profile behind the polarizer and the interference fringes resulting from the right and left circular components. The interference patterns in the first example are shown in Figs. 2(e) and 2(f). The forklet in the interference pattern indicates the helical phase embedded in the left-hand circular component (helical charge ¼ þ1) and the right-hand circular component (helical charge ¼ −3) of the generated vector beam.
Second, we investigate a vector beam with its crosssectional field described as
where r 0 is the radius of the aperture-truncated beam. The two base vectors, left-and right-hand circular polarizations that are modulated by the azimuthally and radially variant phases, respectively, are combined to yield the vector beam. A common point shared by this example and the first one is that the left circular component in both cases carries a helical phase of topological charge ¼ 1. The created beam is a vector vortex beam wherein both the SOP and the phase are linearly dependent on the radial and azimuthal coordinates. Figure 3 shows the experimental result of the created vector beam. As illustrated above, the created vector beam has a singular spot at the center and produces a spiral pattern behind the polarizer. In the interferometric pattern, we can see the helical phase carried by the left-hand circular component and the radial phase carried by the right-hand circular component, shown in Figs. 3(f) and 3(e), respectively. Figure 4 shows the last example of generated vector beams. A Chinese Taiji pattern is chosen to map the spatial structure of an optical field to be designed. The cross section of the beam is divided into several regions. Each region is specified so that it has an orthogonal SOP and a phase shift of π with respect to the adjacent region. To achieve this, we impose constraints on the two circular polarization components that are used to synthesize the vector beam: the left circular component is assigned a plane phase while the right circular component takes binary phase values of 0 and π that are partitioned spatially into regions of the Taiji pattern. The phase retardation of π can be seen in the interference pattern where there is a half-period fringe shift.
To summarize, we have proposed a method for generating vector beams with the desired polarization and phase structures. The phase and the SOP of vector beams can be modulated arbitrarily, independently, and dynamically by using an SLM. This enhances the ability to tailor the vector and scalar properties of light beams, and thus helps us to further explore the physics and engineering of vector beams targeted for specific applications and to investigate new effects and phenomena of full vector optical field.
